Pseudomonas aeruginosa has an extraordinary capacity to evade the activity of antibiotics through a complex interplay of intrinsic and mutation-driven resistance pathways, which are, unfortunately, often additive or synergistic, leading to multidrug (or even pandrug) resistance. However, we show that one of these mechanisms, overexpression of the MexCD-OprJ efflux pump (driven by inactivation of its negative regulator NfxB), causes major changes in the cell envelope physiology, impairing the backbone of P. aeruginosa intrinsic resistance, including the major constitutive (MexAB-OprM) and inducible (MexXY-OprM) efflux pumps and the inducible AmpC ␤-lactamase. Moreover, it also impaired the most relevant mutation-driven ␤-lactam resistance mechanism (constitutive AmpC overexpression), through a dramatic decrease in periplasmic ␤-lactamase activity, apparently produced by an abnormal permeation of AmpC out of the cell. While these results could delineate future strategies for combating antibiotic resistance in cases of acute nosocomial infections, a major drawback for the potential exploitation of the described antagonistic interaction between resistance mechanisms came from the differential bacterial physiology characteristics of biofilm growth, a hallmark of chronic infections. Although the failure to concentrate AmpC activity in the periplasm dramatically limits the protection of the targets (penicillin-binding proteins [PBPs]) of ␤-lactams at the individual cell level, the expected outcome for cells growing as biofilm communities, which are surrounded by a thick extracellular matrix, was less obvious. Indeed, our results showed that AmpC produced by nfxB mutants is protective in biofilm growth, suggesting that the permeation of AmpC into the matrix protects biofilm communities against ␤-lactams.
Pseudomonas aeruginosa is one of the most frequent and severe (up to 50% mortality) causes of acute nosocomial infections (31) . No less concerning, chronic respiratory infection by P. aeruginosa is the main driver of morbidity and mortality in patients with cystic fibrosis and other chronic respiratory diseases (18) .
The treatment of these infections is severely compromised by the extraordinary capacity of this pathogen to evade the activity of nearly all available antibiotics through a complex interplay of intrinsic and mutation-driven resistance pathways (4, 16) . The biofilm mode of growth, a hallmark of chronic infections, provides P. aeruginosa populations with differentiated structural and physiological properties that further enhance its capacity to escape from the activity of antimicrobial treatments (3, 9) . Among the most relevant resistance pathways, in both acute and chronic infections, are those leading to the overexpression of the chromosomal ␤-lactamase AmpC, which is frequently triggered by the inactivation of the nonessential penicillin-binding protein PBP4 and confers high-level resistance to antipseudomonal penicillins and cephalosporins (20) , along with the inactivation of the carbapenem porin OprD or the overexpression of several efflux pumps encoded in its genome (16, 17, 25) . Unfortunately, the combinations of these resistance pathways are often additive or synergistic, leading to multidrug (or even pandrug) resistance. However, one of these mechanisms, overexpression of the MexCD-OprJ efflux pump (caused by inactivation of its negative regulator NfxB), besides conferring resistance to the pump substrates, determines a marked hypersusceptibility to other relevant antipseudomonal agents, including most ␤-lactams and aminoglycosides (8) , perhaps suggesting the occurrence of antagonistic interactions with other resistance mechanisms.
During the initial steps of this research, we learnt that it is in fact the case that overexpression of this efflux pump impairs highly relevant resistance mechanisms; the ␤-lactam resistance driven by the overexpression of AmpC is particularly worth noting. These results prompted us to follow a global approach to decipher the complexity of the underlying mechanisms, providing relevant information for the identification of new targets for fighting P. aeruginosa intrinsic and acquired resistance mechanisms, but with a major drawback resulting from the differential bacterial physiology characteristics of biofilm communities, a hallmark of chronic infections.
MATERIALS AND METHODS
Strains, plasmids, and construction of PAO1 knockout mutants. The complete list of strains and plasmids used or constructed in this work is shown in Table 1 . Single-and multiple-knockout nfxB, mexD, dacB (PBP4), oprM, mexR, or ampC mutants were constructed using the Cre-lox system for gene deletion and antibiotic resistance marker recycling following previously described protocols (20, 26) . Briefly, upstream and downstream PCR products (Table 2) of each gene were digested with either BamHI or EcoRI and HindIII and cloned by three-way ligation into pEX100Tlink with a deletion with respect to the HindIII site and opened by EcoRI and BamHI. The resulting plasmids were transformed into Escherichia coli strain XL 1 Blue, and transformants were selected on ampicillin-LB agar plates (30 g/ml). The lox-flanked gentamicin resistance cassette (aac1) obtained by HindIII restriction of plasmid pUCGmlox was cloned into the single site for this enzyme formed by the ligation of the two flanking fragments. The resulting plasmids were again transformed into E. coli strain XL 1 Blue, and transformants were selected on ampicillin (30 g/ml)-5 gentamicin (g/ml)-LB agar plates. Plasmids were then transformed into the E. coli S17-1 helper strain. Knockout mutants were generated by conjugation followed by selection of double recombinants by the use of sucrose (5%)-cefotaxime (1 g/ml)-gentamicin (30 g/ml)-LB agar plates. Double recombinants were checked first by screening for susceptibility to carbenicillin (200 g/ml) and afterwards by PCR amplification and sequencing. For the recycling of the gentamicin resistance cassettes, plasmid pCM157 was electroporated into the different mutants. Transformants were selected in tetracycline (250 g/ml)-LB agar plates. One transformant for each mutant was grown overnight in tetracycline (250 g/ml)-LB broth in order to allow expression of the cre recombinase. Plasmid pCM157 was then cured from the strains by successive passages on LB broth. Selected colonies were then screened for susceptibility to tetracycline (250 g/ml) and gentamicin (30 g/ml) and checked by PCR amplification and DNA sequencing. To asses the effect on growth rates of the mutants generated, the doubling times of cells growing exponentially in LB broth at 37°C and 180 rpm were determined by plating serial 10-fold dilutions on LB agar at 1-h intervals as previously described (21) . Five independent experiments were performed for each of the mutants, and mean values (Ϯ standard deviations [SD]) were determined.
Cloning of nfxB and complementation studies. For cloning nfxB, the PAO1 wild-type gene was PCR amplified using primers nBF1BHI and nBR2ERI (Table 2). The resulting PCR product was digested with BamHI and EcoRI and ligated to plasmid pUCP24, digested with the same enzymes, to obtain plasmid pUCPNB, which was transformed into E. coli strain XL1-Blue. Transformants were selected on gentamicin (5 g/ml)-MacConkey agar plates. The cloned DNA fragment was fully sequenced to confirm the absence of mutations generated during PCR amplification. Plasmids pUCPNB and pUCP24 (control) were then electroporated into PAO1 or the different nfxB mutants. Transformants were selected on gentamicin (30 g/ml)-LB agar plates.
Susceptibility testing. MICs of the antipseudomonal agents ceftazidime, cefepime, cefotaxime, piperacillin-tazobactam, aztreonam, imipenem, meropenem, ciprofloxacin, and tobramycin were determined using Mueller-Hinton (MH) agar plates and Etest strips in duplicate experiments. 
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Analysis of whole-genome gene expression. Strains were grown in 10 ml of LB broth at 37°C and 180 rpm to the late log phase (optical density at 600 nm [OD 600 ] of 1). The cells were collected by centrifugation, and total RNA was isolated using an RNeasy minikit (Qiagen). RNA was dissolved in water and treated with 2 U of Turbo DNase (Ambion) for 30 min at 37°C to remove contaminating DNA. The reaction was stopped by the addition of 5 l of DNase inactivation reagent. Total RNA (10 g) was checked by the use of an agarose gel prior to cDNA synthesis. cDNA synthesis, fragmentation, labeling, and hybridization were performed according to the Affymetrix GeneChip P. aeruginosa genome array expression analysis protocol. Three independent experiments were performed for each strain. Expression analysis was performed as previously described (33) . Only transcripts showing increases or decreases that were higher than 2-fold were considered to represent differential expression results. In all cases, the value representing the posterior probability for differential expression (PPDE) was between 0.999 and 1.
Expression of resistance genes. The levels of expression of ampC, mexB, mexD, mexY, mexF, and oprM were determined by real-time reverse transcription-PCR (RT-PCR) following previously described protocols (14, 24) . Total RNA was isolated as described above. A 50-ng sample of purified RNA was then used for one-step reverse transcription and real-time PCR amplification using a QuantiTect SYBR green RT-PCR kit (Qiagen) and a SmartCycler II system (Cepheid). The primers listed in Table 2 were used for amplification of ampC, mexB, mexD, mexY, mexF, oprM, and rpsL (used as a reference to normalize the relative amounts of mRNA). In all cases, the mean values of relative mRNA expression obtained in at least three independent duplicate experiments were considered.
For ampC induction experiments, cultures were incubated in the presence of imipenem (0.015 g/ml).
Penicillin-binding protein (PBP) assays. Late-log-phase (OD 600 of 1) LB cultures (500 ml) were collected by centrifugation, washed, and suspended in 50 ml of buffer A (20 mM KH 2 PO 4 -140 mM NaCl [pH 7.5]). Cells were then sonicated and centrifuged at 12,000 ϫ g for 10 min. Membranes containing the PBPs were isolated through two steps of ultracentrifugation at 150,000 ϫ g for 1 h at 4°C and suspension in buffer A. PBPs were then labeled with a 25 M concentration of Bocillin FL fluorescent penicillin (36) , separated through the use of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and visualized using a Bio-Rad FX Pro molecular imager.
OMP analysis. A protocol adapted from those previously described (5) was followed. Briefly, late-log-phase (OD 600 of 1) LB cultures (200 ml) were collected by centrifugation, washed, and suspended in 5 ml of buffer (10 mM Tris-Mg [pH 7.3]). Cells were then sonicated and centrifuged at 7,000 ϫ g for 15 min. Membranes were isolated through ultracentrifugation at 100,000 ϫ g for 1 h at 4°C. Pellets were suspended in 10 ml of buffer (1% sarcosyl, 25 mM Tris-HCl [pH 8]) and incubated for 30 min at room temperature. Outer membrane proteins (OMPs) were collected afterward through ultracentrifugation at 70,000 ϫ g for 40 min, suspended in the same buffer, and ultracentrifuged again. OMPs were then suspended in water, separated using SDS-PAGE (11% acrylamide-0.2% bisacrylamide-0.2% SDS-0.375 M Tris [pH 8.8]), and visualized using Coomassie staining.
␤-Lactamase assays. Specific ß-lactamase activity (quantified as nanomoles of nitrocefin hydrolyzed per minute per milligram of protein) was determined TCGGATCCCAGGTTGGCATCGACGAAG  mxDF1BHI  TCGGATCCATCAAGCGGCCGAACTTCG  446  MexD inactivation  23  mxDR1HDIII  TCAAGCTTGGTGTCGCTGCGCTGAGC  mxDF2HDIII  TCAAGCTTCACCACGAGAAGCGCGGCTTC  563  mxDR2ERI  TCGAATTCAGCAGCGCTTCGCGGCCG  mxRF1 ERI  TCGAATTCAGCAGGGCCGGAACCAGTA  453  MexR inactivation  This work  mxRR1 HD3  TCAAGCTTCAATACATGGACGTC  mxRF2 HD3  TCAAGCTTGCGTGCATGACGAGTTGTTTG  558  mxRR2 BHI  TCGGATCCAGAAGAACCCGTCGGCCGA  OMF1ERI  TCGAATTCGATCGGTACCGGCGTGATC  471  OprM inactivation  This work  OMR1HDIII  TCAAGCTTACCGTCCACGCCGATCCG  OMF2HDIII  TCAAGCTTCTTCCCGAGCATCAGCCT  522  OMR2BHI TCGGATCCAAGCCTGGGGATCTTCCTTC a Sites for restriction endonucleases are underlined.
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spectrophotometrically, following established procedures (13), on culture supernatants, crude sonic extracts, and periplasmic fractions prepared as described elsewhere (10) . Activities were determined at the early log phase (OD 600 of 0.2), late log phase (OD 600 of 1), and stationary phase (18 h of incubation). For normalizing total cell numbers in cultures from the different strains, CFU were enumerated by plating serial dilutions in LB agar. For AmpC induction experiments, cultures were incubated in the presence of imipenem (0.015 g/ml). Mean values (Ϯ SD) of ␤-lactamase activity obtained from at least 3 independent experiments were considered in all cases. Antimicrobial activity in biofilm growth. Biofilms were formed following previously described protocols (23) . Briefly, biofilms were grown by incubating peg lids (Nunc, Denmark) (at 24 h and 37°C under static conditions) in microtiter plates containing MH broth (approximately 2 ϫ 10 8 cells/ml). Then, biofilms on peg lids were incubated for 24 h in MH broth supplemented with several concentrations of the tested antibiotics or left unsupplemented. Afterwards, biofilms were rinsed and transferred to MH broth by centrifugation (20 min, 1,000 rpm, 4°C). Serial 1/10 dilutions were then plated in MH agar to determine the number of viable cells. All experiments were performed in triplicate.
RESULTS
Antibiotic (hyper)susceptibility profile of nfxB mutants and reversion of resistance driven by AmpC hyperproduction. As expected from reports of previous work (8), MexCD-OprJ overexpression in PAO1, driven by nfxB mutation, significantly increased the MICs of ciprofloxacin (16-fold) and cefepime (4-fold), which are known to be good substrates for the pump. On the other hand, it produced a significant decrease in the MICs of all other antipseudomonal agents, with the imipenem (16-fold) and tobramycin (4-fold) results being particularly noteworthy, but also of all other ␤-lactams tested (Table 3) . Complementation with the wild-type nfxB gene, from the pUCPNB plasmid, fully restored the wild-type PAO1 susceptibility profile. The inactivation of nfxB in two genetically unrelated clinical strains yielded very similar susceptibility profiles, demonstrating that the observed phenotype was not specific to the PAO1 background (Table 3) . Moreover, the inactivation of nfxB nearly reversed the resistance profile (cephalosporins, penicillins, and monobactams) of the AmpChyperproducer dacB (PBP4) mutant of PAO1 (Table 3) . For example, the MICs of ceftazidime decreased from 24 g/ml for the dacB mutant to 1.5 g/ml (wild-type level) for the nfxBdacB double mutant (Table 3) . Complementation with the wild-type nfxB gene fully restored the parental dacB mutant susceptibility profile.
The inactivation of mexD (efflux pump-encoding gene) in the nfxB mutant fully restored wild-type (PAO1) susceptibility, and the inactivation of mexD in the nfxB-dacB mutant fully restored the dacB phenotype (Table 3) . Therefore, these findings indicate that the observed phenotypes relate directly to the overexpression of the efflux pump and not to the inactivation of its NfxB regulator. Real-time RT-PCR experiments showed that expression of ampC, mexB, mexY, mexF, and oprM was not significantly modified in the nfxB mutant compared to expression of wild-type PAO1. Moreover, while global transcriptome analysis revealed 34 genes (24 upregulated and 10 downregulated) with modified expression in the nfxB mutant, only those genes belonging to the mexC-mexD-oprJ operon had an obvious link to antibiotic susceptibility (Table 4) . Therefore, these findings support the data presented above indicating that transcriptional regulation is not involved in the described NfxB phenotypes. Nevertheless, the effects on cell physiology or fitness of the modified gene expression patterns, including several involved in nitric oxide and iron or copper metabolism and quorum sensing, still need to be elucidated. Indeed, NfxB mutation also resulted in overall fitness reduction, as evidenced by the increased doubling times of growth of the nfxB mutant (42.7 Ϯ 8.8) compared to wild-type PAO1 (26.9 Ϯ 6.8), although, again, the results depended directly on overexpression of the efflux pump, since the inactivation of mexD in the nfxB mutant nearly compensated for the growth defect (doubling time of the nfxB-mexD mutant, 30.8 Ϯ 7.1).
Role of impairment of intrinsic efflux in NfxB phenotypes. MexAB-OprM and MexXY-OprM efflux pumps play a central role in P. aeruginosa intrinsic resistance. Thus, hypersusceptibility of the nfxB mutant could well be driven by the impair- (8, 12) . Indeed, despite the fact that transcription of oprM was not modified, in contrast to earlier observations (8), the outer membrane protein (OMP) profiles of the nfxB mutants confirmed the previously noted (8) reduced expression of OprM (Fig. 1, lane 1 versus lane 2) . More informatively, susceptibility data clearly indicated that OprM was impaired (i.e., did not significantly contribute to resistance) in the nfxB mutant (Table 3) . While the inactivation of oprM in PAO1 produced a remarkable decrease in the MICs of all antibiotics tested (except for imipenem), its inactivation in the nfxB (or nfxB-dacB) mutant did not have a significant effect on MICs, thus showing that OprM activity was already impaired in the nfxB mutants. Indeed, impairment of OprM in the nfxB mutant clearly explained the hypersusceptibility to tobramycin (substrate of MexXY-OprM) and to ceftazidime, cefotaxime, piperacillin-tazobactam, aztreonam, and meropenem (substrates of MexAB-OprM), results that are consistent with previous observations (8, 12) . On the other hand, it did not explain the imipenem hypersusceptibility, since oprM inactivation in PAO1 had a minimal (less than one 2-fold dilution) effect on the MIC of this antibiotic, which is consistent with previous studies showing that imipenem is not significantly extruded by any of these two pumps. Moreover, the efflux pumps were not involved in the reversion of PBP4-driven resistance in the nfxB-dacB mutant, since the inactivation of oprM in the dacB mutant did not reverse its resistance profile at all ( Table 3) . As shown in Fig. 1 , OMP analysis also revealed that expression of the OprD carbapenem porin in the nfxB mutant was not significantly modified. Moreover, the PBP expression profile of the nfxB mutant was nearly identical to that of wild-type PAO1 (Fig.  2) . These findings indicated that neither OprD nor PBPs are involved in the phenotype. Altered ␤-lactamase physiology in nfxB mutants. Data concerning the possible involvement of AmpC in the nfxB phenotype have remained elusive and controversial for years (16, 19, 34) . As described above, the nfxB mutant showed no modified ampC expression. Moreover, as shown in Table 5 , ampC in the nfxB mutant was still highly inducible in the presence of subinhibitory concentrations of imipenem and still highly overexpressed in the nfxB-dacB double mutant. Similarly, crude (total) ␤-lactamase activity (basal or imipenem induced) was not significantly modified in the corresponding nfxB mutants (Table 5). These results should therefore support those of previous works concluding that AmpC is not involved (34) , but a deeper analysis of AmpC physiology revealed that this is not actually the case. Indeed, a dramatic decrease in constitutive and induced periplasmic AmpC activity was noted in the nfxB mutants compared to the results seen with the respective parent strains (Table 5) . Moreover, inducible (Fig. 3A) and constitutively overexpressed (Fig. 3B ) AmpC activity in the periplasm was significantly impaired in the exponential-growth phase but not in the stationary phase. Obviously, the impairment of inducible and constitutively overexpressed AmpC activity in the location (periplasm) and growth phase (exponential growth) where it is expected to protect the drug targets (essential PBPs) should certainly explain the imipenem hypersusceptibility and reversion of PBP4-driven resistance. Accordingly, the susceptibility data of Table 3 with respect to the ampC mutants totally support the finding of impaired AmpC activity in the nfxB mutant. As would be expected, the inactivation of ampC in PAO1 dramatically reduced imipenem MICs (imipenem is a very strong AmpC inducer, despite its relative stability with respect to hydrolysis) but it had no major effect on susceptibility to other antipseudomonal ␤-lactams (very weak AmpC inducers, despite being efficiently hydrolyzed). On the other hand, the inactivation of ampC in the nfxB mutant did not further decrease the imipenem MICs, showing that AmpC activity was already impaired in the single nfxB mutant.
Additional analysis revealed that the imipenem-induced nfxB mutant and the nfxB-dacB mutant showed significantly higher AmpC activity on culture supernatants than their respective parent strains (Table 5, Fig. 3 ). This result further suggested that impairment of periplasmic AmpC activity in PAO1 does not result from a defective AmpC exportation from the cytoplasm to the periplasm but more likely from an TABLE 5 . Basal and induced ampC expression and ␤-lactamase activity of crude, periplasmic, and culture supernatants for the studied mutants altered outer membrane physiology produced by MexCD-OprJ overexpression, leading to AmpC leakage out of the cell. Moreover, as shown in Fig. 4 , the increased leakage of AmpC resulting from nfxB inactivation was also observed for the clinical isolates JW and GPP, demonstrating the this phenomenon is not specific to PAO1.
Modified ␤-lactamase physiology in nfxB mutants is protective in biofilm growth. It seems obvious that failure to concentrate AmpC activity in the periplasm should dramatically limit the capacity of this enzyme to protect the PBP targets of ␤-lactam antibiotics at the individual cell level, but perhaps the expected outcome for cells growing as biofilm communities is less obvious, as they are surrounded by a thick extracellular matrix that could trap the leaked ␤-lactamase. Indeed, the results presented in Fig. 5 indicate that AmpC secreted by nfxB mutants is protective in biofilm growth. First, Fig. 5A shows that inducible AmpC expression is protective in the nfxB mutant since (i) imipenem hypersusceptibility was not observed and (ii) inactivation of ampC in the nfxB mutant markedly increased imipenem susceptibility. Second, Fig. 5B shows that constitutively overexpressed AmpC is also protective, since (i) ceftazidime resistance driven by AmpC overexpression (dacB inactivation) is not reversed through the inactivation of nfxB and (ii) the inactivation of dacB in the nfxB mutant sharply increased ceftazidime resistance. Thus, these results clearly indicate that resistance driven by inducible and constitutively overexpressed AmpC is not impaired when the nfxB mutants grow as biofilm communities, sharply contrasting with the results shown above for planktonically growing cells.
DISCUSSION
Deciphering the complex interactions between resistance pathways is critical for guiding future strategies for the management of P. aeruginosa infections, through the identification of new targets or regimens (such as particular combinations of antimicrobial agents) to overcome resistance mechanisms. In this sense our results were encouraging, showing that these interactions among resistance pathways are not always synergistic. Indeed, we confirmed previous evidence (8, 12, 19) indicating that overexpression of the MexCD-OprJ efflux pump (through the mutational inactivation of its negative regulator NfxB) may impair the backbone of related P. aeruginosa intrinsic resistance mechanisms, which include the major constitutive (MexAB-OprM) and inducible (MexXY-OprM) efflux pumps, together with the inducible chromosomal cephalosporinase AmpC. Moreover, we further demonstrated that it reversed the most relevant mechanism leading to acquired ␤-lactam resistance in P. aeruginosa, mutation-driven constitutive overexpression of AmpC. Our results indicated that impairment of intrinsic and acquired resistance occurs at the posttranscriptional level and depends on overexpression of the MexCD-OprJ efflux pump itself and not on the mutation of its negative regulator NfxB. While impairment of intrinsic pumps (MexAB-OprM and MexXY-OprM) upon MexCD-OprJ overexpression could well result from a compensatory balance of efflux machinery in the cell envelope, the explanation accounting for impairment of inducible and constitutive AmpC activity seemed less obvious. Indeed, neither ampC transcription nor crude (total) ␤-lactamase activity (basal or imipenem induced) was significantly modified in the nfxB mutants. Therefore, these results should have supported those of previous works concluding that AmpC is not involved (34) , but a deeper analysis of AmpC physiology revealed that this was not actually the case. Indeed, a dramatic decrease in basal and induced periplasmic AmpC activity was noted in the nfxB mutants compared to the results seen with the respective parent strains. Obviously, the impairment of basal and induced AmpC activity in the location where it is expected to protect the drug targets (PBPs) should certainly explain the reversion of AmpC-driven resistance. Additional analysis revealed that the imipenem-induced nfxB mutant and the nfxB-dacB mutant showed increased AmpC activity in culture supernatants. This result further indicates that impairment of periplasmic AmpC activity does not result from defective AmpC exportation to the periplasm from the cytoplasm but likely results from altered outer membrane physiology produced by MexCD-OprJ overexpression, leading to AmpC leakage from the cell. This claim is consistent with recent data showing that MexCD-OprJ overexpression produces major changes in membrane physiology, leading to a significantly modified exoproteome (30) , and with the reduced growth rates documented for the nfxB mutant. Indeed, MexCD-OprJ expression has been shown to be inducible by a wide variety of membrane-damaging agents as part of the AlgU-controlled envelope stress response (6) . From the therapeutic perspective, these results could delineate future strategies to be explored for combating antibiotic resistance in P. aeruginosa acute nosocomial infections, combining MexCDOprJ inducers with classical antipseudomonal agents such as ␤-lactams or aminoglycosides.
The major drawback for the potential exploitation of the described antagonistic interaction between resistance mechanisms, as has occurred for many of our therapeutic approaches in the past, came from the differential bacterial physiology characteristics that occur in biofilm growth, a hallmark of chronic respiratory infections by P. aeruginosa. While it seemed obvious that failure to concentrate AmpC activity in the periplasm should dramatically limit the capacity of this enzyme to protect the targets (PBPs) of ␤-lactam antibiotics at the individual cell level, the expected outcome for cells growing as biofilm communities was less obvious, as they are surrounded by a thick extracellular matrix. Indeed, our results confirmed this fear, indicating that AmpC produced by nfxB mutants is fully protective in biofilm growth. Thus, our research strongly suggests that the release of AmpC into the matrix appears to protect biofilm communities against harmful ␤-lactams and is consistent with previous studies showing that extracellular AmpC plays a major role in biofilm resistance (1, 2) . Unfortunately, this is bad news for the treatment of biofilm-driven infections that are indeed strongly linked to MexCD-OprJ overexpression, as evidenced by its (specific) high prevalence in chronic lung infection in cases of cystic fibrosis (11), its induction (7) and/or selection (23) during biofilm growth, and its involvement in early adaptation to the chronic setting (27) , perhaps through mitigating acute virulence effectors (such as the type III secretion system) and promoting biofilm growth (15, 28) . Finally, in addition to the therapeutic implications, our findings have important diagnostic consequences, since they denote that AmpC-driven resistance cannot be detected by conventional susceptibility tests performed in the frequent nfxB background of chronic infections, adding further evidence to support the studies showing a lack of correlation between susceptibility results and clinical responses (29) .
